Introduction
Discrete and extended transition metal clusters that contain interstitial atoms form an interesting class of compounds due to their combined fundamental aspects as well as applied research [1] [2] [3] [4] [5] . As a result, compounds containing main group elements such as carbon, nitrogen and phosphorous at the interstitial environment have been well documented in the literature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In this perspective, the field of boride clusters essentially is very rich. As doping of the bulk metal clusters with boron diversifies the physical and electronic properties, this can be utilized as common strategy for studying both the electronics as well as surface chemistries of the metal borides [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Several reviews and articles have demonstrated that the area of metal-rich metallaboranes as well as boron-rich metallaboranes are expanding briskly . The incorporation of an orbital rich atom like boron into the created cavity not only posed substantial challenges to the synthetic chemists, but also created opportunities to further develop this area [55] [56] [57] . Although the first example of a boride cluster [Co 6 (CO) 18 B] was reported by Schmid and coworkers in 1975 [58] , the first X-ray diffraction study of [HRu 6 (CO) 17 B] was reported almost 14 years later by Shore [59] .
Over the past decade, our effort in synthesizing metallaboranes using boranes, metal halides and metal carbonyls allowed us to isolate a variety of boride clusters with varying metal to boron ratio [60] [61] [62] [63] [64] [65] [66] [67] [68] . Recently, we have reported a novel μ 9 -boride cluster, generated from the reaction of an open cage rhodaborane [(Cp*Rh) 2 12 ]. In addition, the computational studies on the ground of density functional theory (DFT) have been undertaken to analyze the bonding and stability of the synthesized clusters.
Results and discussion
As shown in Scheme 1, thermolysis of [Ru 3 (CO) 12 ] with 1, obtained from the metathesis reaction of [Cp*WCl 4 ] with LiBH 4 · thf, led to the formation of a series of mixed metal clusters 2-5. Clusters 2-4 represent interstitial boride compounds in which the boron atoms are in μ 4 and μ 5 -connected; whereas compound 5 showed trigonal bipyramidal core. Detailed characterization of 2-5 using various multinuclear NMR, IR, mass spectrometry and single crystal X-ray diffraction studies are described below.
[{Cp*W(CO) 2 } 2 (μ 4 -B){Ru(CO) 3 } 2 (μ-H)] (2)
Compound 2 was isolated as moderately air stable orange crystals which were characterized by 1 H, 11 B, 13 C NMR, IR and by single-crystal X-ray crystallography. The 11 B NMR displayed a single resonance in the down field region at δ = 128.8 ppm. The 1 H NMR spectrum showed a single resonance corresponding to Cp* protons and one up field chemical shift at δ = − 18.95 ppm. The presence of the CO ligands was confirmed by 13 C NMR and IR spectroscopy. The mass spectrum of 2 suggests the molecular formulation of C 30 H 31 BO 10 Ru 2 W 2 .
In order to confirm the spectroscopic assignments and to determine the solid state structure of 2, the X-ray structure analysis was undertaken. The crystal structure of 2, shown in Fig. 1 core and consists of two tungsten and two ruthenium atoms, where each tungsten atoms occupy the wing tip position and the boron atom occupies the semi-interstitial position. The observed W-B and Ru-B bond distances are consistent with the known tungstaboranes [69] [70] [71] , ruthenaboranes [72, 73] [74] . Therefore, the boron atom is in bonding contact with all the four metal atoms. Each tungsten atom accompanied with two terminal CO ligands and a Cp* ligand, whereas the hinge ruthenium atoms possess three carbonyl ligands each. The molecule possesses a C 2 axis that passes through the boron atom and bisects the Ru-Ru bond. Furthermore, ignoring the Cp* ligands, compound 2 shows approximately C 2v symmetry with a σ-plane along with the C 2 axis. The observed Alternatively, the geometry of clusters 3 and 4 can also be considered as 74-electron complex, in which the B atom contributes three valence electrons to the square pyramidal framework. The average Ru-Ru distances is usual as compared to other M 5 B boride clusters, such as [Cp*RuCO{Ru(CO) 3 The 11 B NMR showed a single boron peak at δ = 189.8 for 3, whereas compound 4 shows a resonance at δ = 182.0 ppm, that is comparable with other related structurally characterized μ 5 -boride clusters (Table 1) . The computed 11 B NMR chemical shifts of 3 and 4 employing gauge-including atomic orbitals (GIAO) method and B3LYP functional corroborates well with the experimental values [85] (Table S1 ). The 1 H NMR spectrum of 4 displayed a single resonance corresponding to the Cp* protons, however 1 H NMR suggests presence of 61 eV for 3 vs. 2.92 eV for 4, Fig. S19) . Further, the electronic structures of clusters 2-4 are almost similar where the HOMO and LUMO are largely centered on the metal centers and the boron based orbitals are more 'core' like which also support the encapsulated pictures of the boron atoms.
[(Cp*W) 2 
B 4 H 8 Ru(CO) 3 ] (5)
Although, compound 5 was produced as a mixture along with the compounds 2-4, it was separated by preparative thin-layer chromatography (TLC), allowing characterization of the pure materials. It was isolated as greenish brown solid (11.4 % yield). The The framework geometry of 5 was unambiguously established by its solid state structure determination. As shown in Fig. 3 , the structure of 5 can be viewed as a bicapped trigonal bipyramid, in which the {W 2 B 2 Ru} trigonal bipyramid core is capped by B1 and B4 at the triangular {W 2 B} and {W 2 Ru} faces. The solid state X-ray structure of 5 is analogous to that of well known ditungstaborane [(Cp*W) 2 (Table S2) . One of the major differences between I and 5 is the presence of a isolobal 'C 3v ' [Ru(CO) 3 ] fragment instead of a BH fragment. This led us to perform a detailed electronic structure and bonding analysis of 5 in the context of known I. The molecular orbital (MO) analysis of I and 5 shows that the HOMOs are largely localized on the tungsten atoms which are essentially W-W δ* bonding. Interestingly, this is stabilized in 5 with two strong W-Ru interactions (Fig. 4) . However, in both the compounds the LUMOs are corresponding to the W-W bonding with δ-symmetry, which are destabilized by the antibonding interactions with the σ-orbitals of the boron moieties. A comparison of the MO diagrams of 5 and I (Fig. 4) show a larger HOMO/LUMO gap for I (3.84 eV for I vs. 3.02 eV for 5). As shown in Fig. 4 , the HOMO-1 and LUMO + 4 of 5 represents the W-W σ bonding and antibonding interactions, respectively, having an energy gap of 6.46 eV. On the other hand, corresponding MOs of I can be found in HOMO-2 and LUMO + 3, respectively, in which the energy gap between them is 6.26 eV.
Conclusions
The structure, bonding and chemistry of the transition metals boride clusters continuing to flourish the chemists due to their unique physical, chemical and electrical properties. Herein, we have described the synthesis and structurally characterized different types of hetero-metallic boride clusters. These clusters obey Wade-Mingos rule of the polyhedral skeleton electron counts and are unique considering the environment of the boron centers and the cluster geometries. Compound 2 represent semi-interstitial butterfly boride clusters, whereas 3 and 4 are square pyramidal heterometallic boride clusters. In addition, we have isolated an interesting ditungstaborane 5 that showed an [Ru(CO) 3 ] fragment insertion into the [(Cp*W) 2 B 5 H 9 ] cage. The experimental results are well accompanied and rationalized and the bonding analyses of the synthesized clusters are explained with the help of DFT studies. 
Experimental section General procedures and instrumentation
All the experiments were conducted under an argon atmosphere using standard Schlenk techniques. Solvents were distilled prior to use under argon environment. LiBH 4 · thf, W(CO) 6 
2: HRMS (ESI

X-ray structure determination
Suitable X-ray quality crystals of 2-5 were grown by slow diffusion of a hexane-CH 2 Cl 2 solution. The crystal data for 2 and 3 were collected and integrated using D8 VENTURE Bruker AXS and for 4 and 5 were using Bruker Kappa apexII CCD single crystal diffractometer, equipped with graphite monochromated MoKα (λ = 0.71078 Å) radiation.
Data collection for 2 and 3 were carried out at 150 K and for compound 4 and 5 at 296 K, respectively, using ω-ϕ scan modes. Multi-scan absorption correction has been employed for the data using SADABS [94] program. The structures were solved by heavy atom methods using SHELXS-97 or SIR92 [95] and refined using SHELXL-2014 [96] . Crystallographic data and structure refinement information has been shown in Table 2 . Crystallographic data have been deposited with the Cambridge Crystallographic Data Center as supplementary publication no. CCDC 1574739 (2), 1574738 (3), 1574737 (4) and 1574736 (5) . These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif.
Computational details
All the calculations (DFT) were carried out with the program package Gaussian 09 (Rev. C. 01) [97] and were performed on a parallel cluster system. The ground-state geometries were optimized without symmetry constraints using the B3LYP functional [98] [99] [100] in combination with mixed basis set: SDD with effective core potential for Ru and W and 6-31g* for C, B, H, O [101] [102] [103] . To reduce the computational cost all the calculations were carried out with the Cp analog model compounds, instead of Cp*. The model geometries were fully optimized in gaseous state (without solvent effect) without any symmetry constraints. The optimized geometries were confirmed to be local minima by performing frequency calculations and obtaining only positive (real) frequencies. The NMR chemical shifts were calculated on the optimized geometries at the aforementioned level. Computation of the NMR shielding tensors employed GIAOs [104] [105] [106] [107] [108] 
